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Abstract 
The circular economy has set out a new paradigm for a much needed shift from eco-efficiency to eco-effectiveness. Buildings are top 
contributor globally for resource use and waste creation. Therefore, any improvement in an effective use of building materials would have 
significant effects when scaled up. However, some interventions are better than others; in the sense that they can maximize the reduction of 
negative environmental externalities with minimal impact on the economy. This paper investigates the most effective strategies for the 
reduction of environmental impacts from building material and components within the context of the UK. It uses the most recent input-output 
table to establish the link between the reduction of environmental externalities and the impact on the various economic sectors. In doing so, an 
informed trade-off is achieved and intervention strategies that would yield the most beneficial effect for the environment with minimal impact 
on economic growth are identified. 
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1. Introduction 
The construction sector is the world’s largest consumer of 
raw materials, and accounts for 25-40% of global carbon 
dioxide emissions [1]. In the past decades there have been 
numerous initiatives to improve those figure, but with little 
success.  
More recently, it was accepted that the sole focus on the 
operational stage of buildings would not help reduce the 
overall environmental impacts, and whole life approaches are 
becoming increasingly mainstream as the right path to 
sustainability [2].  
However, life cycle assessment (LCA) of buildings is far 
more complex than that of standard manufactured products, 
because built assets are characterized by long life-spans and 
numerous components that interact both temporally and 
dynamically [3]. Due to this complexity the suitability of LCA 
to guide significant improvements in the building sector is 
being questioned [4], even if it remains the most 
comprehensive tool to evaluate the life cycle environmental 
impacts of buildings [5].  
 Meanwhile, the new paradigm of the circular economy is 
increasingly gaining momentum, as a means to overcome the 
traditional contradiction between environmental consciousness 
and economic growth [6]. A recent review of existing research 
on the circular economy in the built environment can be found 
in [2], which also provides a research framework for future 
works in the field. However, the uptake of circular economy 
thinking within the built environment is still in its infancy, and 
this is likely due to the same reasons that make LCA hard to 
apply consistently, transparently, and rigorously.  
Notwithstanding the difficulty of the task, it is evident that 
enabling circular economy in the built environment is a very 
worthwhile aim to pursue, for even small interventions that 
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improve the effectiveness of resource use in the building 
sector would have significant environmental benefits.  
To this end, this paper sets out to investigate which 
interventions are better than others, i.e. the most effective 
strategies for the reduction of environmental impacts from 
building material and components within the context of the 
UK. This materializes in a two-part problem: 
 
1. Which interventions maximize the reduction of 
negative environmental externalities with 
minimal impact on the economy; and, 
2. Which interventions maximize the economic 
growth given a target of accepted negative 
environmental externalities. 
 
The paper unfolds as follows. Section 2 presents the 
methodology developed for and adopted in this research, 
while Section 3 presents and discusses the results in two 
separate sub-sections. Section 4 concludes the article and 
highlights future research directions. 
2. Methodology 
Given the whole-economy coverage that input-output (IO) 
tables provide, they represent a useful tool for circular 
economy research.  
IO tables map, and allow to analyze, the industrial 
structure of an economy and its intersectoral links [7]. 
Additionally, if the simplifying assumption that average 
relationships between inputs and outputs apply at the margin, 
IO multipliers can be “used to quantify the impact of 
economic change” [7].  
Over the years, IO tables have been enriched with satellite 
accounts, which include the negative environmental 
externalities of each economic sector. As such, they are often 
used in an environment-economic input-output framework 
[e.g. 8], and the expectation for the future is of a steady 
significant growth of research in the area [9]. In fact, it was 
already Wassily Leontief – who invented IO tables and 
received for this reason the Nobel Prize in 1973 – to highlight 
the possibility to assess environmental repercussions from the 
analysis of the economic structure [10]. 
Traditionally, IO tables present two main limitations: 
 
 Very different sub-sectors (e.g. wheat and rice 
grains) are aggregated into a single sector (e.g. 
agriculture) and sector-specific impacts can be 
lost 
 Different countries develop IO tables with different 
levels of granularity (i.e. different number of 
sectors, and what they include), thus increasing 
the difficulty to account for international trade 
 
However, both limitations have been overcome in recent 
years by international teams of researchers who developed 
harmonized databases of IO tables for the whole world, with 
high level of granularity. One such database is EORA World 
MRIO [11, 12], which has been used in this research. 
Specifically, the most recent IO table available for the UK 
was used (IO_GBR_2013_BasicPrice). 
The EORA IO table includes all intersectoral links between 
all sectors of the UK economy, as well the transaction 
between each of those sectors with the other countries of the 
world. All such transactions are expressed in ‘000 US Dollars. 
In addition, for each sector of the economy another matrix 
called ‘satellite account’ is available, which shows – for 
instance – energy inputs [TJ] and GHG emissions [Gg of CO2, 
CH4, N2O] among others [12]. Due to the length requirement 
of the paper, the focus of this research is limited to CO2 
emissions only. 
The IO table used features 511 different sectors for the UK 
and therefore the first necessary task was to identify those 
sectors more directly related to buildings. Thirteen sectors 
were identified, and their description is given in Table 1. 
Table 1: Industrial sectors analyzed in this research 
Sector classification Sector No. 
Timber 1 
Bricks 2 
Concrete 3 
Plaster products for construction purposes 4 
Steel 5 
Mining, quarrying, and construction 6 
Construction of commercial buildings 7 
Construction of domestic buildings 8 
Construction of civil engineering constructions 9 
Construction of motorways, roads, and airfields 10 
Construction of water projects 11 
Other construction work involving special trades 12 
Other building completion and finishing 13 
 
It should be noted that there were two sectors (‘Renting of 
construction or demolition equipment’ and ‘Renting of 
construction and civil engineering machinery and equipment’) 
that were excluded due to their service nature and the high 
dependency on the other sectors already identified above.  
Transactions and satellite accounts are expressed in IO 
analysis in matrix form. The first one is called transaction 
matrix and is square by definition because rows and columns 
refer to the same elements (sectors and industries). This is 
then transformed into a matrix of technical coefficients by 
dividing each input to its output [13] and in IO LCA is 
generally referred to as matrix A. The second one is called the 
satellite matrix (B) and contains the environmental flows for 
each element of the transaction matrix [10]. The matrix A is 
linked to the final demand vector y and the total output vector 
x of an economy through the famous Wassily Leontief’s 
equation: 
 
1( )x I A y    (1) 
 
where I is the identity matrix, and (I – A)-1 goes under the 
name of the Leontief inverse matrix [14].  
The powerfulness of IO analysis lies with its capability to 
account for impacts occurring in upstream layers of the supply 
 F. Pomponi, B. D’Amico / Procedia CIRP 00 (2017) 000–000  3 
chain, thus ensuring the quantification of all indirect 
emissions as well as the direct ones. Mathematically, this is 
done through the composition of all CO2 embodied emissions 
into an infinite series of production layers. In this case, let us 
assume we have a functional unit f which contains all zeroes 
other than the entry related to the sector being analysed (e.g. 
Sector 1 in Table 1), and that entry is 1 (which corresponds to 
1000 $). The expansion into an infinite series to calculate the 
carbon emissions C works as follows: 
 
 
2 2( )C B I A A f Bf BAf BA f          (2) 
 
It should be noted that the more we expand the series the 
smaller the terms gets as they are powers of a matrix with 
values smaller than 1. Of course, an infinite series is not 
possible to calculate but research has shown that there is a 
clear plateau after the analysis of about 8 upstream production 
layers and stability is reached [15, 16]. This approach can 
then be repeated for all 13 sectors of Table 1 to assess the 
carbon intensity of each sector and its upstream supply chain.  
To address the second part of this research, a different 
approach had to be developed. Specifically, a target increase 
in negative environmental externalities (e.g. ΔC = 1 tonne 
CO2) was established and an iterative algorithm was designed 
to find, for each of the thirteen sectors, the new value of f that 
would produce that ΔC. In pseudo-code, this can be expressed 
as: 
 

 
2
sec
( )
fοr 1 :
find  subject to 1000
i CO
i N
f C kg
  (3) 
All calculations have been performed in MATLAB 
R2015b ©. Results are shown and discussed in the next 
section. 
3. Results and discussion 
Results are presented in separate sub-sections for the two 
parts of the research addressed in this paper. 
3.1. Carbon intensity of building-related industrial sectors 
Figure 1 shows the direct and indirect emissions for all 13 
sectors analyzed in this research.  
 
It can be seen that different sectors have very different 
emissions intensity, and there is also difference in how steep 
the curves are towards the final value of emission intensity for 
the whole supply chain related to each of the sectors.  
Figure 2 shows the convergence to system’s completeness 
for all 13 sectors.  
It can be seen that several of the curves cross one another, 
thus meaning that some sectors achieve most of the indirect 
emissions in the first upstream layers of the supply chain, 
while others show a more regular and steady increase. 
Figure 2 also confirms that an infinite series expansion is 
not necessary as a clear plateau is reached after around 7-8 
upstream production layers [15, 16]. The influence of direct 
vs. indirect figures on results and consequential decision-
making can be more clearly seen in Table 2.  
Table 2: Emission intensity ranking of building-related industrial sectors for 
both direct and indirect emissions 
Sectors Rank 
(direct 
emissions) 
Rank (+ 
indirect 
emissions) 
(1) Timber 4 6 
(2) Bricks 13 4 
(3) Concrete 2 2 
(4) Plaster products for construction 
purposes 
1 1 
(5) Steel 3 3 
(6) Mining, quarrying, and construction 6 5 
(7) Construction of commercial buildings 11 12 
(8) Construction of domestic buildings 12 11 
(9) Construction of civil engineering 
constructions 
10 10 
(10) Construction of motorways, roads, and 
airfields 
8 9 
(11) Construction of water projects 5 7 
(12) Other construction work involving 
special trades 
9 13 
(13) Other building completion and finishing 7 8 
Figure 1 - Direct and indirect emissions of building-related industrial sectors 
Figure 2 - Analysis of system completeness for all 13 sectors investigated 
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The three sectors which scored the highest in terms of 
direct emissions are also the three with highest overall 
emission figures. However, apart from those all other sectors 
have shifted – and in some cases significantly – their position 
in the rank. For example, bricks as a structural material 
(Sector 2) would seem a very advantageous option (lowest 
rank in direct emissions) but it skyrockets to fourth position 
when the whole supply chain is considered. If only partial 
(direct emissions) information were available, a policy maker 
could think that to achieve circularity in the built environment 
investing heavily in the bricks industry would be one of the 
best options to effectively use resources, minimize 
environmental externalities, and promote economic growth. 
However, the whole system analysis shows that the result of 
such decision would be rather the opposite, given the high-
polluting upstream supply chain linked to the brick industry.  
Conversely, timber appears to be a very viable structural 
material for the UK as it drops from 4th to 6th position when 
the analysis switches from direct emissions to the whole 
supply chain. The usual suspects (i.e. concrete and steel) are 
the structural materials with the highest emission intensity 
and, as such, their use should be progressively reduced and 
targeted mitigation efforts should be aimed at those sectors. 
It is remarkable to see that the sector ‘plaster products for 
construction purposes’ (Sector 4) has higher impacts than any 
of the structural materials, despite the widespread belief that 
building structures account for the most carbon emissions in 
buildings. Of course, this is also due to all refurbishment 
activities, which do require plaster products without the need 
of a new structure. However, this finding challenges a false 
myth in the LCA of buildings, whereby impacts occurring in 
the use stage (i.e. precisely those related to maintenance, 
repair, and refurbishment) are often neglected under the belief 
that their contribution is not significant. These results prove 
quite the opposite in fact, and circular economy policies 
should unreservedly take into account the fit-out cycles of 
domestic and non-domestic buildings as well as the materials 
used in maintaining, repairing, and refurbishing the existing 
building stock.   
3.2. Economic profitability of building-related industrial 
sectors 
A main component of the circular economy paradigm is a 
more effective use of resources that does not translate into a 
halt to economic growth. As explained in Section 2, IO tables 
represent an excellent tool for such kind of investigation—
which falls under the name of multiplier analysis—providing 
the simplifying assumptions explained in the methodology are 
understood and accounted for [7]. 
In this particular case, multiplier analysis will be used to 
decompose the effects of change according to the “the initial 
output effect”, which allows to investigate the change of an 
industry required to supply an additional unit of final output 
of that industry [7].  
The novel approach proposed here, however, lies with 
linking the additional output supply to a given target value of 
increase in negative environmental externalities, which is 
represented in the case of this research by 1 tonne of CO2. 
Figure 3 shows the resulting emissions across all sectors 
for such analysis. It can be seen that the emissions for the 
complete system (direct + indirect) are 1000kgCO2 greater 
than those shown in Figure 1. 
 
Table 3 shows how the functional unit f changed for all 13 
sectors when the same target of increase in carbon emissions 
(ΔC = 1 tonne CO2) was given. It should be noted that some 
numbers appear identical (e.g. Sector 3 and Sector 4 have the 
same value of 2.1). This is due to the incremental step used in 
the algorithm to search for f, which has been set to 0.1 (=100 
USD). In reality, with smaller incremental steps, different 
numbers would be obtained but the significance to the results 
is negligible. 
Table 3: Analysis of economic growth for building-related sectors given a 
target value of increase in CO2 emissions 
Sector 
No. 
Old functional 
unit f (Figure 1)  
[‘000 USD] 
New functional 
unit f (Figure 3)  
[‘000 USD] 
Rank (from the 
most to the least 
profitable) 
1 1 5.5 8 
2 1 3.3 10 
3 1 2.1 12 
4 1 2.1 12 
5 1 2.9 11 
6 1 4.8 9 
7 1 6.4 1 
8 1 6.4 1 
9 1 6.4 1 
10 1 6.4 1 
11 1 5.6 7 
12 1 6.4 1 
13 1 6.3 6 
 
Results show very well the different emission intensities 
across the 13 sectors. This enables to understand which 
Figure 3 - Sectors' emissions given a target value of CO2 increase 
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sectors would yield the highest economic growth for a given 
amount of negative environmental externalities that the 
society is willing to pay.  
It can be seen that the sectors in which the government 
should invest are the ‘Constructions’ sectors (with the 
exception of Sector 11 ‘Construction of water projects’)—
namely Sectors 7, 8, 9, 10, and 12. The reason is to be found 
in the very own nature of those sectors, for they are highly 
labor-intensive, and human labor has a lower emission 
intensity than, say, manufacturing activities. Within the bigger 
picture of a whole economy, investing in those sectors might 
promote employment while keeping carbon emissions at bay. 
In terms of building materials timber seems, also from this 
perspective, a worthwhile sector to invest in. Specifically, 1 
additional tonne of CO2 in the timber is linked to an increase 
of 5,500$ which is more than twice as much as the increase in 
concrete and plaster sectors (2,100$), 90% more than the 
increase for steel (2,900$), and 67% more than that for bricks 
(3,300$). These numbers show that, while fully decoupling 
economic growth from environmental costs might still be 
quite far ahead, it is already possible to develop conscious 
policies aimed at minimizing environmental costs to promote 
economic growth. 
4. Conclusions and future work 
This paper has investigated, through an environmentally 
extended input-output analysis, the results of applying circular 
economy thinking to building-related industrial sectors in the 
UK. In total, 13 sectors have been identified, which are 
primarily linked to the manufacturing of structural and 
building materials, and the construction of buildings and built 
assets. Circular economy aims at fully decoupling economic 
growth from negative environmental externalities. While this 
is only likely to be achieved in the mid-to-long term, results 
from this research have shown that it is possible to develop 
environmentally conscious policies to mitigate environmental 
impacts from buildings and the construction sector.  
Results from this research addressed a two-part problem. 
Firstly, they allowed to identify which interventions maximize 
the reduction of negative environmental externalities with 
minimal impact on the economy. One such example is 
reducing the use of plaster products in the fit-out cycles of 
buildings while promoting the development and adoption of 
reusable materials with lower environmental impacts.  
Secondly, the results allowed to evaluate which 
interventions would yield maximum economic growth given a 
target of accepted negative environmental externalities. One 
example in this respect is represented by higher investments 
in, and a wider use of, timber which appears to be the 
structural material characterised by a lower carbon emission 
intensity. However, the sole focus on carbon emissions 
represents one of the limitations of this work. A wider use of 
timber would likely have repercussion across other 
environmental impact categories, such as deforestation and 
land use change.  
While tackling global warming and climate change is of 
the utmost importance, it also crucial to avoid shifting 
environmental burdens from one impact category to the others 
[17] if the circular economy is to achieve environmental 
sustainability holistically. For this reason, future works should 
carry out a broader assessment which includes all negative 
environmental externalities available in the satellite accounts 
of IO tables, such as water and land use, and air quality 
indicators – for instance.  
Additionally, calculating emission intensities with IO has a 
limitation, in the sense that results are significantly influenced 
by the price of products. Future work should use a physical 
reference investigate the results without the influence of 
prices. Additionally, a broader approach that considers IO 
data from the last decade would certainly strengthen the 
reliability of the findings and the confidence in the directions 
towards which they seem to point. 
Acknowledgements 
Sincere gratitude goes to the team behind the development 
of the EORA World MRIO Database for the great service 
done to environmental input-output analysis.  
References 
[1] WEF, 2016 Shaping the Future of Construction - A Breakthrough in 
Mindset and Technology. World Economic Forum - prepared in 
collaboration with The Boston Consulting Group 
[2]  F. Pomponi, A. Moncaster, Circular economy for the built environment: 
A research framework, Journal of Cleaner Production, 143  (2017) 710-
718. 
[3] M. Erlandsson, M. Borg, Generic LCA-methodology applicable for 
buildings, constructions and operation services—today practice and 
development needs, Building and Environment, 38 (7) (2003) 919-938. 
[4] A. Säynäjoki, H. Jukka, J. Seppo, H. Arpad, Can life-cycle assessment 
produce reliable policy guidelines in the building sector?, Environmental 
Research Letters, 12 (1) (2017) 013001. 
[5] F. Pomponi, A. Moncaster, Scrutinising embodied carbon in buildings: 
The next performance gap made manifest, Renewable and Sustainable 
Energy Reviews, https://doi.org/10.1016/j.rser.2017.06.049  (2017). 
[6]  Ellen MacArthur Foundation, Towards the Circular Economy - Economic 
and Business Rationale for an Accelerated Transition, in, 2013. 
[7] P. Gretton, On input-output tables: uses and abuses. Staff Research Note. 
Australian Government Productivity Commission, Canberra., in, 2013. 
[8] Y. Ali, R. Pretaroli, C. Socci, F. Severini, Carbon and water footprint 
accounts of Italy: A Multi-Region Input-Output approach, Renewable 
and Sustainable Energy Reviews. 
[9] E. Dietzenbacher, M. Lenzen, B. Los, D. Guan, M.L. Lahr, F. Sancho, S. 
Suh, C. Yang, Input–Output Analysis: The Next 25 Years, Economic 
Systems Research, 25 (4) (2013) 369-389. 
[10] W. Leontief, Environmental repercussions and the economic structure: 
an input-output approach, The review of economics and statistics,  (1970) 
262-271. 
[11] M. Lenzen, K. Kanemoto, D. Moran, A. Geschke, Mapping the Structure 
of the World Economy, Environmental Science & Technology, 46 (15) 
(2012) 8374-8381. 
[12] M. Lenzen, D. Moran, K. Kanemoto, A. Geschke, building eora: a global 
multi-region input–output database at high country and sector resolution, 
Economic Systems Research, 25 (1) (2013) 20-49. 
[13] R. Heijungs, S. Suh, The computational structure of life cycle 
assessment, Springer Science & Business Media, 2002. 
[14] M. Lenzen, Errors in Conventional and Input-Output—based Life—
Cycle Inventories, Journal of Industrial Ecology, 4 (4) (2001) 127-148. 
[15] M. Lenzen, Differential Convergence of Life-Cycle Inventories toward 
Upstream Production Layers, Journal of Industrial Ecology, 6 (3-4) 
(2002) 137-160. 
[16] R. Wood, M. Lenzen, C. Dey, S. Lundie, A comparative study of some 
environmental impacts of conventional and organic farming in Australia, 
Agricultural Systems, 89 (2) (2006) 324-348. 
[17] F. Pomponi, P.A.E. Piroozfar, E.R.P. Farr, An Investigation into GHG 
and non-GHG Impacts of Double Skin Façades in Office 
Refurbishments, Journal of Industrial Ecology, 20 (2) (2016) 234-248. 
